Background: The role of adjuvant chemoradiotherapy (CRT) following pancreaticoduodenectomy (PD) for pancreatic adenocarcinoma (PDA) remains controversial. Recent data suggest that increased margin clearance (MC: distance between tumor and cut surface) is associated with improved survival after PD, but the role of adjuvant CRT in patients with known MC is undefined. We sought to delineate the impact of adjuvant CRT on survival based on MC following PD. Methods: Patients who underwent PD for PDA between 2002 and 2014 were retrospectively stratified into three groups based on MC: 0 mm, ≤1 mm, and >1 mm. The impact of CRT on survival in each MC group was determined by univariate and multivariate analysis. Results: Three hundred and ten patients with known MC were analyzed (0 mm =67, ≤1 mm =113, and >1 mm =130). Increasing MC was independently associated with improved OS (≤1 mm, HR 0.66, 95% CI 0.46-0.96, P=0.03; >1 mm, HR 0.51, 95% CI 0.35-0.75, P=0.001; compared to 0 mm). Adjuvant CRT was administered to 62 patients (20%). On margin-stratified multivariate analysis, adjuvant CRT was independently associated with increased OS in patients with ≤1 mm margins (HR 0.36; 95% CI 0.18-0.69, P=0.002) but not for 0 mm and >1 mm margins. Conclusions: This analysis suggests that the benefit of adjuvant CRT may be restricted to patients with ≤1 mm MC after PD for pancreatic cancer.
Introduction
Surgical resection represents the only potential curative modality in the treatment of pancreatic ductal adenocarcinoma (PDA) (1) (2) (3) . The 5-year survival following surgical extirpation remains around 15-20%, therefore efforts to identify the optimal adjuvant regimen remain a priority. Although adjuvant chemotherapy has been shown to improve survival in several phase 3 trials, the role of adjuvant chemoradiotherapy (CRT) remains controversial (2, (4) (5) (6) (7) . Data from available studies are confounded by heterogeneity in the dose and timing of adjuvant radiotherapy (RT), as some trials lacked quality control, utilized ineffective RT doses, or employed split-course RT that mandated treatment interruption (2, 8, 9) . Additionally, adjuvant therapy trials prior to ESPAC-1 compared CRT to observation alone, utilized suboptimal chemotherapy, included patients with other periampullary malignancies, and lacked large sample sizes to allow for subgroup analysis to determine which patients derived benefit from systemic chemotherapy versus CRT.
The above-mentioned studies also had variability in the definition of R0 and R1 margins, with most defining R0 as the absence of tumor cells at the cut margins regardless of margin distance (10, 11) . Standardized protocols of margin assessment for pancreaticoduodenectomy (PD) specimens, coupled with observations that increased margin clearance (MC: distance in mm between closest margin and tumor) is associated with improved survival, have suggested that R0 be defined as the absence of tumor cells within 1mm of any of the cut margins (12) (13) (14) (15) (16) (17) . Despite this, a consensus definition of what constitutes a margin-negative resection is lacking.
Based on the above limitations, the role of adjuvant CRT in patients with known MC remains undefined. This study sought to analyze the impact of adjuvant CRT on survival for PDA based on differential MC distances following PD. We hypothesized that patients with close margins would derive the greatest benefit from adjuvant CRT.
Methods

Case selection
After obtaining Institutional Review Board approval, a retrospective review of all patients who underwent PD at the University of Pittsburgh Medical Center between January 1, 2002 and December 31, 2014 was performed. Patients were excluded from analysis if the pathology report did not specify MC distance, if they received neoadjuvant RT, adjuvant RT alone, had a gross macroscopic (R2) positive resection, or if they suffered mortality within 90 days of their operative date.
Patient variables and definitions
Charts were abstracted for demographics, treatment, pathologic variables, recurrence, and death. Patient variables included age, sex, and body mass index (BMI). Treatment variables included receipt of neoadjuvant and/or adjuvant chemotherapy (defined as receipt of ≥1 treatment of single or multi-agent regimen), concomitant superior mesenteric vein/portal vein resection at the time of PD, and receipt, type (stereotactic vs. external beam), and dose of adjuvant RT (administered within 6 months of surgery and prior to a documented recurrence). External beam radiotherapy (EBRT) was delivered with either a 3-dimensional conformal or intensity-modulated technique with institutional clinical pathway recommendations for treatment of the resection bed and regional lymph node basins. Stereotactic beam radiotherapy (SBRT) was delivered via either CyberKnife (Accurray, Sunnvale, CA, USA) or Trilogy/TrueBeam (Varian Medical Systems, Palo Alto, CA, USA) radiosurgical delivery platforms as previously described (18, 19) . Pathologic variables included tumor size, lymphovascular invasion (LVI), perineural invasion (PNI), and lymph node metastases. Margins evaluated were the pancreatic neck, common bile duct, vascular groove (SMV/PV), retroperitoneum/uncinate/ SMA, and "other" (gastric and jejunal). MC was defined as the closest single margin distance (regardless of its location) from the tumor and was categorized as 0mm (tumor cells at the cut margin), ≤1 mm (tumor cells within 1 mm but not at the cut margin), or >1 mm (tumor cells more than 1 mm from the cut margin).
The decision to pursue adjuvant RT post-resection for was made after multidisciplinary consultation. Patients were typically seen at 3-6 months intervals postoperatively by the operating surgeon and/or treating medical oncologist with cross-sectional imaging. Recurrence-free survival (RFS) was calculated from the date of surgery to the date of first recurrence or last censored visit. Overall survival (OS) was defined from the date of diagnosis to the date of death or last censored visit.
Statistics
IBM SPSS 24.0 software for Macintosh was used for all data analysis (IBM, Armonk, NY, USA). Variables were assessed for normal distribution using the Shapiro-Wilk test. Continuous variables with normal distribution were summarized using mean and standard deviation. Differences between groups were analyzed using the independent samples t-test or Mann-Whitney U test as appropriate. Data not normally distributed were summarized using median and interquartile range (IQR). Differences between groups were analyzed using the nonparametric Wilcoxon ranksum test or Kruskal-Wallis test as appropriate. Categorical data were compared using the Pearson Chi-squared test or Fisher's exact test as appropriate. Multivariate analysis was performed by Cox proportional hazards on variables that were significant on univariate analysis (P<0.10). Median RFS and OS were determined using the Kaplan-Meier method and Log-Rank test. A P value of <0.05 was considered statistically significant.
Results
Overall cohort characteristics
A total of 310 patients were analyzed. Demographics and treatment related variables are summarized in Table 1 . Median age was 70 years and 56% were males. Vascular resections were performed in 20% of the cohort. The SMV/PV groove (45%), retroperitoneum/uncinate (37%), and pancreatic neck (14%) comprised the majority of closest measured margins. A total of 62 patients received 5-FU-or gemcitabine-based adjuvant CRT (20%), of which 39 patients received SBRT and 23 patients received EBRT. Median dose for SBRT was 36 Gy in 3 fractions and median dose for EBRT was 50.4 Gy in 28 fractions. A total of 181 patients (58%) received either 5-FU-or gemcitabine-based adjuvant chemotherapy alone, whereas 67 patients (22%) received no adjuvant therapy at all. Median follow-up for surviving patients was 64 months. For the entire cohort, median RFS was 14 months and median OS was 24 months.
Increased MC is associated with improved RFS and OS
A total of 67 patients had a MC of 0 mm, 113 patients had a MC of ≤1 mm, and 130 had a MC of >1 mm. Progressive increase in MC was associated with improvement in RFS and OS. Median RFS was 8.8 months for patients with 0 mm margins, 13.3 months for patients with ≤1 mm margins, and 21.5 months for patients with >1 mm margins (P<0.01 for all pairs; Figure 1A ). Median OS was 15.4 months with 0 mm margins, 22.6 months with ≤1 mm margins, and 36.9 months for >1 mm margins (P<0.02 for all pairs; Figure 1B ).
Clinicopathologic and treatment determinants of survival in the overall cohort
On univariate analysis, factors associated with increased risk of death in the overall cohort were increased age, increased tumor size, and the presence of LVI, PNI, or lymph node metastases ( Table 2) . Factors associated with reduced risk of death were increased BMI, neoadjuvant chemotherapy, increased MC (compared to 0 mm margins), and adjuvant 
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chemotherapy. Adjuvant CRT was not associated with improved OS in the patient cohort as a whole (HR 0.77, 95% CI 0.54-1.10, P=0.15). On multivariate analysis, increased MC was independently associated with improved OS (≤1 mm, HR 0.66; P=0.03; >1 mm, HR 0.51; P=0.001; compared to 0 mm). Additionally, neoadjuvant (HR 0.51, 95% CI 0.32-0.81, P=0.005) and adjuvant chemotherapy (HR 0.48, 95% CI 0.33-0.69, P<0.001) were also associated with improved OS, whereas increased tumor size (HR 1.15, 95% CI 1.02-1.29, P=0.02) and presence of lymph node metastases (HR 1.66, 95% CI 1.11-2.49, P=0.02) were independently associated with decreased OS.
Analysis of the impact of CRT on survival in the 0 mm and >1 mm margin subgroups
To delineate the association between adjuvant CRT and survival on MC, a margin-stratified univariate ( Table 3) and multivariate (Table 4 ) analysis of clinic-pathologic and treatment-related factors was performed. In the 0 mm group (n=67), neoadjuvant chemotherapy (HR 0.30, 95% CI 0.12-0.75, P = 0.01), adjuvant chemotherapy (HR 0.48, 95% CI 0.26-0.89, P=0.02) and tumor size (HR 1.29, 95% CI 1.01-1.66, P=0.04) were independent predictors of OS ( Table 4 ). In the >1 mm group (n=130), LVI (HR 1.91, 95% CI 1.01-3.64, P=0.05), lymph node metastases (HR 2.44, 95% CI 1.31-4.53, P=0.005) and adjuvant chemotherapy (HR 0.33, 95% CI 0.18-0.58, P<0.001) were independent predictors of OS. Adjuvant CRT was not a predictor of survival in the 0 mm and >1 mm margin groups.
Analysis of the impact of CRT on survival in the "close" margin (≤1 mm) subgroup
In patients with ≤1 mm margins (n=113), univariate analysis demonstrated age, BMI, presence of LVI and adjuvant CRT to be associated with survival ( Table 3) . On multivariate analysis, BMI (HR 0.93, 95% CI 0.88-0.98, P=0.003), LVI (HR 2.30, 95% CI 1.14-4.67, P=0.02), and adjuvant CRT remained as the only independent predictors of OS (Table 4 ). Specifically, adjuvant CRT was associated with a 64% reduction in mortality (HR 0.36, 95% CI 0.18-0.69, P=0.002).
Discussion
This study examined the association between adjuvant CRT and pancreatic cancer survival based on differential MC distances after PD. After first confirming that increased MC was associated with improved survival, adjuvant CRT was found to be associated with improved survival in the subset of patients with ≤1 mm MC but not the 0 mm or >1 mm cohort, suggesting that only a small subset of patients may derive clinical benefit from adjuvant CRT.
Prior studies that sought to evaluate the impact of adjuvant CRT following pancreatectomy for PDA demonstrate a spectrum of outcomes ranging from modest improvements to detrimental effects on survival (2, 5, 8, 9) . The lack of a standard definition of a margin-negative resection, amongst other factors, makes those results difficult to interpret. The GITSG trial demonstrated improved OS with the addition of adjuvant 5-FU and split-course RT compared to surgery alone (20 vs. 11 months); however, the study was small and did not meet accrual (8) . Definition of margin status (R0 vs. R1) was not clearly outlined. EORTC 40891 failed to show a benefit with adjuvant 5-FU and RT compared to surgery alone (9, 20) . Similarly, margin definitions were unclear, patients with T3 tumors were excluded, and patients with ampullary adenocarcinoma and distal cholangiocarcinoma were included. In ESPAC-1, patients who received CRT with bolus 5-FU and 40 Gy of RT had decreased survival compared to those receiving chemotherapy alone (2) . However, this trial has been criticized for its complex design and lack of RT quality control. Finally, two large metaanalyses of randomized trials demonstrated a benefit for adjuvant chemotherapy but no benefit for adjuvant CRT compared to surgery for PDA (21, 22) .
Since the above trials were limited by flawed design, small sample sizes, and poor quality control, a number of large retrospective series have attempted to evaluate the association between adjuvant CRT and outcomes (23) (24) (25) (27) . This finding persisted on propensity-matched multivariate analysis. Most of the above-cited prospective and retrospective reports either do not differentiate R0 from R1 margins, or do not provide data on MC. In contrast, this study analyzed the association between adjuvant CRT and survival based on margin distance and not on a "predefined" classification of R0 margins. As reported in earlier prospective trials, we found no association between CRT and survival of the overall patient cohort. However, we found CRT was associated with improved survival when restricted to a small group of "close margin" patients (MC ≤1 mm). The beneficial effect of CRT on close margins may be related to treatment of a smaller residual tumor burden compared to a larger one in the 0mm group. Conversely, the lack of benefit in the >1 mm group corroborates recent reports that a MC of >1 mm likely represents a true R0 resection, and that CRT may not be beneficial in this subgroup due to minimal or no residual localized disease. Future trials should account for margin distance when assessing the impact of CRT after PD for PDA.
Interestingly, despite the beneficial impact of CRT in the close margin subgroup, there was no difference in the local recurrence rate between patients who received adjuvant CRT and those who did not (30% vs. 23%; P=0.46) within this cohort. We did observe a decrease in distant recurrence in patients with ≤1 mm margins who received adjuvant CRT (37% vs. 59%; P=0.04). This finding could be explained by prior observations that local recurrence after PD is difficult to detect on cross sectional imaging (28) . Autopsy series focusing on patterns of recurrence suggest that isolated distant failure is uncommon, and up to 70-80% of patients with distant recurrence also have local recurrence; however at least 15-20% of these local failures are undetectable by CT imaging (28, 29) . We obtained cross-sectional imaging every 3-6 months following PD. More frequent imaging could potentially allow for earlier detection of isolated local recurrence; however this strategy is not cost effective and has not been shown to improve survival in pancreatic cancer (30) .
This analysis has several limitations. The study was retrospective in nature and suffers from the selection bias of including only PDs with reported margin distances. Additionally, although standardized protocols for PD specimen margin assessment have been shown to improve quality control and correlate with clinical outcomes, they were not uniformly utilized throughout this study since the study period spanned an earlier era when such protocols were largely unavailable. Although some patients were treated with SBRT on various protocols at our institution, the decision to pursue adjuvant CRT was largely made on a case-by-case basis by the surgeon and multidisciplinary team. A small sample size limited the ability to perform a separate analysis of the impact of the two RT modalities (SBRT vs. EBRT) on survival. Finally, it is possible that the benefit incurred by CRT in the ≤1 mm margin group may have been related to favorable disease characteristics in this cohort. Although patients with ≤1 mm margins who received CRT were younger, no other clinicopathologic factors were significantly different (Table S1 ). Furthermore, the multivariate analysis controlled for age and revealed CRT to be independently associated with improved OS in patients with ≤1 mm margins.
In conclusion, this study suggests that adjuvant CRT may be beneficial in the subset of patients who have a ≤1 mm MC after PD for PDA. This study underscores the importance of accurately assessing MC following PD, since this information can be used to further guide appropriate adjuvant treatment.
